The prevalence of diabetes has increased significantly due to aging, obesity and sedentary life style with diabetic cardiovascular complications being one of the leading causes of death in diabetics [1, 2] . Diabetic cardiomyopathy develops in diabetics and is characterized by systolic and diastolic dysfunction independent of coronary vascular diseases [3, 4] 
including increased reactive carbohydrate substrate availability, oxidative condition favouring glycation and impaired detoxification [12] . AGE has been postulated to participate in the pathogenesis of cardiovascular diseases through a direct physiochemical alteration of tissue/cellular property by forming cross-linked macromolecules [9, 11] , or an indirect AGE receptor (RAGE)-mediated release of proinflammatory cytokines and reactive oxygen species (ROS) [13, 14] . Nonetheless (STZ, 200 mg/kg dissolved in 0.1 mol/l citrate buffer, pH 4.5) [15] . STZinduced experimental diabetic model is well characterized in FVB mice [16, 17] . Age [18] .
Materials and methods

Experimental animals, benfotiamine treatment and serum AGE measurement
All animal procedures described in this study were approved by the Institutional Animal Care and Use Committee at the University of Wyoming (Laramie, WY). In brief, 10-week-old male friend virus B (FVB) albino mice were made diabetic with a single intraperitoneal injection of streptozotocin
Determination of methylglyoxal (MG) level
MG levels were measured using the o-phenylenediamine (o-PD)-based assay [19] . Briefly, ventricular tissue was homogenized on ice followed by sonication (3 ϫ 5 sec.) and centrifugation (12, [21] .
Analysis of myocardial collagen cross-linking
Myocardial collagen solubility was analysed using the previously described method [9] . Briefly, the left ventricular sample was minced to an approximate of 3-4 mm and mixed with 1 ml of 250 g/ml pepsin in 0.5 mol/l acetic acid at 37ЊC. After 2 hrs of pepsin digestion, a condition reported to cause solubilization of unmodified heart collagen [9] [21] . [22] . [26] . 
RT-PCR quantification of RAGE
Immunofluorescence detection of MG-AGE and RAGE in isolated cardiomyocytes
Cell shortening/relengthening
Measurement of mitochondrial membrane potential (MMP)
Cardiomyocytes were suspended in HEPES-saline buffer and MMP (⌬⌿m) was detected as described [27] . (Fig. 1) . Consistently, AGE accumulation was markedly augmented in diabetic hearts evaluated by immunofluorescent localization ( Fig. 2A and B 
Effect of benfotiamine on cardiac methylglyoxal and MG-AGE in control and diabetic hearts
To determine the causal link between elevated AGE levels and diabetic cardiomyocyte dysfunction, benfotiamine, an inhibitor of AGE formation, was used to interrupt AGE pathway [32, 33] . Consistent with our earlier report that benfotiamine protects against cardiomyocyte contractile dysfunction in diabetic hearts [16] , results shown in Fig. 3 
depicted that benfotiamine significantly attenuated or ablated diabetes-induced elevation in cardiac levels of methylglyoxal, RAGE, MG-AGE formation and collagen
Fig. 1 Effect of diabetes or RAGE knockdown on cardiac methylglyoxal levels and RAGE expression. (A, B) Representative HPLC chromatographic traces of methylglyoxal from control and diabetic hearts. Peak I and peak II depict the quinoxaline derivate of methylglyoxal-2-methylquinoxaline (2-MQ) and the quinoxaline internal standard-5-methylquinoxaline (5-MQ), respectively; (C) Pooled data of methylglyoxal levels; (D) RAGE expression in diabetes
Fig. 2 Effect of diabetes on cardiac AGE formation and AGE-RAGE colocalization. (A, B) Representative immunofluorescent images depicting AGE distribution in control and diabetic ventricular tissues; (C, D) AGE-RAGE colocalization in control mouse cardiomyocytes; (E, F) AGE-RAGE colocalization in diabetic mouse cardiomyocytes. For panel C through F, myocytes were probed with an anti-AGE antibody followed by a fluorescein isothiocyanateconjugated anti-mouse IgG for AGE detection. The cover slips were then incubated with a rabbit anti-RAGE antiserum and a rhodamine-conjugated goat anti-rabbit IgG for RAGE localization. cross-linking (shown as increased ventricular collagen solubility). However, benfotiamine treatment did not significantly alter STZinduced elevation in plasma levels of triglycerides and cholesterol. The cardiac levels of methylglyoxal, RAGE, MG-AGE formation and collagen cross-linking as well as plasma levels of triglycerides and cholesterol were not affected by benfotiamine treatment in nondiabetic mice. Benfotiamine did not affect diabetes-associated hyperglycaemia and reduced body weight gain (data not shown).
Effect of RAGE gene knockdown on cardiomyocyte mechanical function
To better understand the role of RAGE in the pathogenesis of diabetic cardiomyopathy, we examined the effect of RAGE gene knockdown using siRNA silence. Results presented in Fig. 4 Fig. 4B-D 
indicated that the anti-RAGE antibody negated MG-AGE-induced decrease in PS as well as prolongation of TPS and TR90. The anti-RAGE antibody itself did not have any effect on PS, TPS and TR90 in the absence of MG-AGE treatment (data not shown). The anti-RAGEelicited beneficial effects against MG-AGE were not reproduced by the non-immune IgG, which served as a control for the anti-RAGE antibody.
Effect of MG-AGE and siRNA-RAGE on MMP and GSK-3␤ phosphorylation
Given that mitochondrial function is essential to cardiomyocyte viability and function [35, 36] Fig. 5A and B) . (Fig. 5E ). Temporal and kinetic change of ⌬⌿m was verified with the positive control CCCP (Fig. 5C and E) . Measurement of ⌬⌿m also revealed a significant drop in MMP in diabetic cardiomyocytes compared with those from control group, the effect of which was ablated by siRNA-RAGE but not siRNA-NT (Fig. 5D and F) . As a key factor in the regulation of mitochondrial permeability transition, GSK-3␤ participates in the mitochondriamediated myocardial dysfunction [37, 38] .
Quantitative analysis showed a significant reduction in the ratio between red and green fluorescence in response to the 2-hr MG-AGE (2.5 mol/l) treatment, indicating a fall in ⌬⌿m.
Interestingly, MG-AGE-induced fall in ⌬⌿m was rescued by
siRNA-RAGE. RAGE gene knockdown itself did not exert any significant effect on ⌬⌿m
In agreement with the dynamic change of ⌬⌿m in response to MG-AGE treatment, MG-AGE elicited a transient rise in GSK-3␤ phosphorylation followed by a delayed dephosphorylation of GSK-3␤. Further assessment of GSK-3␤ phosphorylation in hearts from control and diabetic mice also indicated a significant loss in GSK-3␤ phosphorylation
in diabetic hearts, the effect of which was restored by siRNA-RAGE but not siRNA-NT (Fig. 6 ).
Discussion
Results from our current study demonstrated that STZ- [15, 17, 39] . Hyperglycaemia is closely associated with elevated levels of methylglyoxal, a highly reactive dicarbonyl ␣-ketoaldehyde derived from glycolytic intermediate [12, 40] . Increased methylglyoxal formation has been implicated in the development of essential hypertension and type 2 diabetes [28, 30] . In line with the notion that pathogenesis of diabetes is associated with an accentuated methylglyoxal metabolism [40, 41] , our current study demonstrated that diabetic cardiac tissues produced a greater amount of methylglyoxal in parallel with a marked increase in serum AGE levels independent of RAGE expression. This finding favours the predisposing role of methylglyoxal in AGE formation [12] . Data from our study revealed that benfotiamine reduced formation of cardiac methylglyoxal, MG-AGE and RAGE in diabetic mice, in agreement with our earlier report that benfotiamine alleviates cardiomyocyte contractile dysfunction in STZ-induced diabetic hearts [16] . Our data that benfotiamine negated diabetes-induced AGE accumulation are consistent with reports from non-cardiac tissues [42, 43] .
Our results indicated that MG-AGE decreased PS and ϮdL/dt, as well as prolonged TPS and TR90. TPS was prolonged by 19% and 38% and TR90 was prolonged by 55% and 80%, respectively, in control and diabetic groups. These mechanical alterations are reminiscent of diabetic cardiomyopathy seen in whole heart [44] and cardiomyocytes [15] [16] [17] . Given that the MG-AGE and diabetes-elicited alterations were nullified by the anti-RAGE antibody and siRNA-RAGE, respectively, it is plausible to speculate that the Fig. 4 (A [16] through inhibition of the AGE-RAGE axis, caution has to be taken for data interpretation because benfotiamine also blocks the hexosamine and diacylglycerol-protein kinase C pathways in addition to the AGE pathway [30] . Inhibition of either hexosamine or diacylglycerol-protein kinase C pathway is known to benefit diabetic heart function [12] . Last but not the least, it is worth mentioning that interrupted AGE-RAGE interaction inhibits angiogenic signal, which may exert a secondary effect on diabetic cardiac complication through altered angiogenesis [53] .
In 
